Introduction
Despite their usually low stability,o rganic radical cations [1, 2] have raised substantial interest in aw ide range of research areas owing to their criticali mportance in am ultitude of organic and biological reactions, for which they act as reactive intermediates. Furthermore, radicalc ations that absorb light in the near-infrared (NIR) region have attracted much attention in the materials science community,a st his feature may potentially enhancet he efficiency of solar cells.
[3] The core structure of radicalc ations is usually based on fused rings and/or metal complexes.R adical cations with monocyclic rings have received substantially less attentioni nc omparison.
[4] The core units of thesem olecules usually contain heteroatoms such as nitrogen, oxygen, ands ulfur. [1b, 2i, j, 5, 6] The properties of triarylamine-derived radical cations have especially been studied in great detail in this context. [7] In general, their absorptionb ands at approximately l = 700 nm are subjectt oabathochromic shift. Moreover, N,N-dimethylaminophenyl-substituted triphenylamines show absorption bands at approximately l = 1300 nm. However, most of these compounds are unstable and/or are presento nly at low temperature. For example, the radicalc ation of 1,3,6-tris(di-p-anisylamino)pyrene, which contains fused rings,exhibits ah alf-life of 3h. [8] In addition, several radicalcationsgenerated from sulfur-containing monocyclica romatics,s uch as thiophenes [9] and thiazoles, [10] have been reported. Some thiazoleradical cations,such as 1-butyl-5-methylthiazolium, [9d] have been reported, butt heir photophysical properties have not been disclosed. Furthermore, even the radical cations derived from large molecules with heterocyclic rings, such as azathia [7] helicene, exhibit half-lives of only approximately 8h. [2h] In this context,wer ecently developed 5-aminothiazolesw ith variouss ubstituents (Scheme 1) that could be readily prepared from thioformamides and secondary thioamides.T hese 5-aminothiazoles represent the first examples of thiazolest hat contain diarylamino groupsa tt he 5-position, [11] and they show aw ide range of absorption and fluorescencep ropertiest hat change upon exposure to externals timuli, such as the addition of acids. Thiazoles contain electron-donating( D) ande lectronaccepting (A) moieties that deviatef rom coplanar alignment. These D-A structures usually lead to fluorescence from intramolecular charget ransfer (ICT) states.
[12] Therefore, the electrons of compounds having the D-A structure are delocalized over the molecule in stages of absorption and emission. Thus, Chemical or electrochemical one-electron oxidation of 5-N-arylaminothiazoles was found to afford stable radical cations. For chemicalo xidation, 1equivalent of 3 N][SbCl 6 ]( Magic Blue, MB) was added to CH 2 Cl 2 solutions of the thiazoles, and the thus-obtained radicals showed light absorption in the near-infrared region. Electrochemical oxidation also led to bathochromic shifts in the absorption bands,a nd the obtained spectra weres imilar to those derived from the chemically oxidized species. These radicals afforded electron paramagnetic resonance (EPR) spectrat hat are consistent with the notion of stable nitrogen radicals (half-life 385 h). The EPR spectrum of at hiazole containing 4-dimethylaminophenyl groups on the nitrogen atom at the 5-position changed significantly upon adding > 3equivalents of MB.D etails of the electronic structures of the experimentally obtainedr adical cations were generated from theoretical calculations.
this structure is expected to lead to stabilized charge-separated species.
Thiazole derivatives moreover exhibit ar eversible one-electron oxidation wave in their cyclic voltammograms (FigureS1, Supporting Information). For example, the half-wave potential of 1 in CH 3 CN appearsa t + 0.623 V, whereas that of 3,w hich containsa4-methoxyphenyl electron donor at the 5-position, appearsa t+ 0.407 V. This result indicates that 3 oxidizes more easily than 1.I nc ontrast, the cyclic voltammogram of 4, [13] which bears a4 -dimethylaminophenyl group at the 5-position, exhibits two reversible oxidationw aves. The oxidation potential and waveform of 5-aminothiazoles can thusb ee asily controlled by judicious choice of the substituents at the 5-position. On the basis of these results, we expected that chemical oxidation of 5-aminothiazoles would generate stable radicals, for which we anticipated absorption in the UV/Vis-NIR region. Herein, we report the chemical and electrochemical oxidation of 5-aminothiazoles to generate radical cations that show UV/ Vis-NIR absorption bands. In one case, ah alf-life time of more than 300 hwas observed.
Results and Discussion
To identifya ppropriate reagents for the chemical oxidationo f 5-aminothiazole 1,B F 2 CF 3 ·OEt, [14] NO [SbF 6 ], [15] and 3 N][SbCl 6 ]( Magic Blue, MB) [16] were added to solutions of 1 in CH 2 Cl 2 (Scheme2). Upon the addition of BF 2 CF 3 ·OEt, the color of the solution changed from yellow to orange. However, the thus-obtained compounds were very unstable.T he use of NO[SbF 6 ]d id not afford any new species, as evident from quantitative recovery of the startingm aterials. Notably, as ingle chemical species was only obtainedw ith MB, and therefore, we subsequently used MB to generate single chemical speciesof1-4.
We then measured the absorption spectra of the radical cations derived from 1-4 (Figures 1a nd S2 ). Whereas 1-4 showed absorption maximaa ta pproximately l = 358-410 nm (Figure 1a) , we expected bathochromic shifts in their absorption bands upon the addition of MB. The addition of 1equivalent of MB to 1 afforded new absorption bands at l = 900 and 650 nm (Table 1) . After the addition of 1equivalent of MB, the absorption maxima of 2 and 3,b oth of whichc ontain methoxy groups,w ere observed at l = 918 and 932 nm. Furthermore, the addition of 1equivalent of MB to thiazole 4,w hich contains the strongeste lectron donor, resulted in as trong absorption in the NIR region( l = 1180 nm). These resultss uggest that the wavelengths and strengtho ft he absorptions can be adjusted by the substituents introducedo nt he thiazole rings.
The addition of > 3equivalents of MB to 4 also induced as hift in the absorption band ( Figure S3 ). The absorption of 4 gradually changed from l = 760, 1006, and 1180 nm to 796, 1474, and 2726nm, whereas the color of the solution changed from red to green.T hese spectra remained unchanged after 1day.T hese results corroborate that thiazole 4 generatesd ifferent radicals pecies, depending on the amount of MB added.
To comparet he photophysical properties of the chemically oxidizeds pecies with those of the electrochemically oxidized species, [17] we measuredt he cyclic voltammograms and absorptions pectra of 1.I nC H 2 Cl 2 , 1 showedao ne-electrono xidation wave with peaks at E = 1.04 and 0.73 V( Figure S4 ). Thus, ap otentialo f1 .04 Vw as applied to aC H 2 Cl 2 solution of 1 for the electrochemical oxidation while the time-dependent absorption spectra of this solutionw ere measured (Figure 2 ). The oxidation potentials and the waveforms of the oxidation waves could be controlledb yj udicious choice of the substitu- ents of the 5-aminothiazoles. The observed spectra of electrochemically oxidized 1 were found to be similar to those of chemically oxidized 1 ( Figure S5) . Hence, the spectral changes should be attributed to the generation of radicals pecies, and the radical species derived from 1 showeda bsorption bands at l % 450 and650 nm.
To elucidate the properties of the chemically oxidized species, the electron paramagnetic resonance (EPR) spectraw ere measured at room temperature for CH 2 Cl 2 solutions of 1-4 that contained 1equivalent of MB (1 + MB to 4 + MB, Figure 3) . In all cases,t he formation of radical species was observed, and the EPR parameters are summarized in Ta ble 2. The g tensor and hyperfine coupling constant (hfcc, A)v alues wered etermined from spectral simulations, whereby A N and A H refer to interactions with nitrogen and hydrogen atoms,r espectively.
The g values of the spectraf or 1 + MB to 4 + MB (g = 2.0030-2.0034)d iffer substantially from the g value of ap ure MB solution (g = 2.0102). Thiazoles 3 and 4,w ith electron-donating groups at the 5-positions, showedh igher g values than 1 and 2.M oreover,u pon adding > 3equivalents of MB to 4,t he g value of the 4 + MB solution changed (g = 2.0044) relative to that observed for the addition of 1-2 equivalents of MB. This result indicates that the properties of the radical species of 4 drastically change upon adding an excessamount of MB.
To elucidate further detailsfrom the EPR spectra,w es imulated the spectra for 1 + MB to 4 + MB with software fori sotropic EPR spectra provided by JEOL (Figure 3b,d ,f,h,j). In the spectra of 1 + MB to 3 + MB, only the nitrogen atom at the 5-postition affected the spectral line shape. Interestingly,t he EPR spectrum of 4 + MB, which exhibited two reversible oxidation wavesi ni ts cyclic voltammogram, included components of both the nitrogen atoms and hydrogena toms, which implies that the unpaired electron is more delocalized in 4 + MB than in 1 + MB to 3 + MB,d espite the relativelys hort half-life of 4 + MB (3 h).
5-Aminothiazoles with electron-donating groups at the 5-position and electron-accepting groups at the 2-position easily adopt ICT states derivedf rom their D-A structures. The smallest A N value among 1-3 was observed for 2 (0.63 mT), which contains an electron-donatingg roup at the 2-position. As lightly higher A N value was observed for 3 (0.78 mT), which contains an electron-donatingg roup at the 5-position, and this value is also marginally higher than that of 1 (0.72 mT). [18] Nevertheless, these A N values are much smaller than that of 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO, 1.59 mT), [19] in which an unpaired electron is localized on the nitrogena tom. This result implies that thiazole-based radicals contain more delocalized electrons than, for example, TEMPO, and hence exhibit higherl evels of stability, which is reflected in the relatively long half-liveso f 1 + MB to 4 + MB (e.g. 3 + MB: t 1/2 = 385 h, % 16 days;T able 2). Interestingly, 4 + MB exhibited, depending on the amounto f MB added, two types of EPR spectra.U pon the addition of 1-2equivalents MB, 4 + MB showed multiplet signals, whereas upon the addition of > 3equivalents of MB, the signals associated with 4 + MB disappeared.
The simulateds pectrum of 4 + MB (Figure 3h )w as very similar to the experimentally observed spectrum (Figure 3g )a nd Figure 3 . Observed EPR spectra of a) 1,c )2,e)3,and g) 4 with 1equivalent of MB, as well as that of i) 4 with 3equivalents of MB;the spectra in panels b, d, f, h, and jare the corresponding simulated spectra. Signalsmarked with arrows in panelsa,c,e, g, andirepresentthe Mn 2 + marker. reflected interactions with one nitrogen atom (A N = 0.64), two other nitrogen atoms (A N = 0.34), and eight hydrogen atoms (A H = 0.29). In contrast, the addition of > 3equivalents of MB to 4 furnished another radicals pecies ( Figure 3i ). The simulated spectrum (Figure 3j )r eflects interactions with two nitrogen atoms (A N = 0.43) and is in good agreement with the experimentally observed spectrum. Time-dependent density functional theory (TD-DFT) calculations for neutral 1 showedt hat the maximum absorption band (l = 416 nm) should be assigned predominantly to the HOMO!LUMO transition (97 %c ontribution). The compositions of the HOMO and LUMO are shown in Figure S6 . The HOMO is mainly localized on the substituent at the 5-position and the thiazole ring, whereas the LUMO is located predominantly on the phenyl group at the 2-positiona nd the thiazole ring. Accordingly,acorrection is required for long-range interactions.F or that purpose, we used the long-range-corrected CAM-B3LYP [20] functional instead of the B3LYP functional to recalculate the UV/Vis absorption spectrum.T he recalculated spectrum revealed ana bsorption maximum at l = 349 nm, which is in good agreement with the experimentally observed value (l = 364 nm).
We also calculated the UV/Vis absorption spectrum for the radicalc ation of 1.A tt he B3LYP level, an absorption band at l = 890 nm was obtained, which is in excellent agreement with the experimentalv alue (l = 900 nm). This excitation was assigned predominantly to the cation-HOMO!SOMO transition (97 %c ontribution) shown in FigureS6. The cation-HOMOi s very similar to the HOMOÀ1o fn eutral 1,w hereas the SOMO is essentially the singly occupied HOMO of neutral 1.Adetailed comparison between the HOMO of neutral 1 and the SOMO showedas lightly higher contribution from the phenyl group at the 2-position for the latter,w hich was probably caused by increased charge transfer from the substituent at the 5-position. As ar esult, the calculated NÀC(5-position of thiazole) and C(2-position of thiazole)ÀC(2-position phenyl group) bond lengths contract upon removal of one electron from 1.399 (NÀCn eutral) to 1.367 (NÀCr adical cation) and from 1.472 (CÀCn eutral) to 1.455 (CÀCradicalcation).
The cation-HOMOa nd SOMO essentially exhibit contributions from the same region, which suggestst hat the consideration of long-range corrections for the hybrid B3LYP methodi s not necessary.T he calculated cation-HOMO-SOMO energy gap (2.10 eV) is much smaller than the HOMO-LUMOg ap in neutral 1 (B3LYP:3 .56 eV;C AM-B3LYP:5 .96 eV). This difference should be responsible for the dramatically redshifted UV/Vis absorption after the one-electronoxidation.
For organic radicals, the B3LYP methodc an be used to predict the EPR parameters.
[21] The g tensor shiftedf rom the freeelectron value, and the A N values were predicted by DFT calculations for our radical-cation species. The calculated g tensor and the isotropic Fermi A N values for the Na tom at the 5-position (2.0029, 0.74 mT) agree very well with the experimental data (2.0030, 0.72 mT) shown in Table S1 , which verifies the validity of the resultso btained from calculations at the B3LYP/ 6-31 + G(d) level of theory in this particular case. [22] The spin density map for the radical cation of 1 (Figure 4) showsp ositive (blue) and negative (green) spin densities at an isodensity level of 0.004 ebohr À1 .T he spin density is mostly delocalized over the Na tom at the 5-position and the neighboring p-conjugated ÀC=CÀN = CÀ fragment in the thiazole ring. The radicalc haracter of the cation is also reflected in the occupancy (0.88 e) of the orbital of the lone pair of electrons for the Na tom at the 5-positiona nalyzed by NBO 6.0. [23] 3. Conclusions
In conclusion, radical cations 1 + MB to 4 + MB were generated by adding1equivalent of Magic Blue (MB) to thiazoles 1-4. The electron paramagnetic resonance (EPR) spectra of 1 + MB to 4 + MB indicated that it was the nitrogen atom at the 5-postition that mainly affected the spectral line shape of theset hiazole-based radical cations. Radical cations with electron-donating groups at the 5-position( i.e. 3 + MB and 4 + MB) showed larger g valuest han the other radicalc ations.M oreover,u pon the addition of 3equivalents of MB to 4 ad ifferent radicals pecies waso btained. Radicals 1 + MB to 4 + MB showeds maller A N values than 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO), which suggested ac orrespondingly higherl evel of delocalization and, consequently,m ore stable radical cations. Among these radicalc ations, 3 + MB was the most stable (half-life of 385 h). Thus, compounds with strong intramolecular chargetransfer character that contain one moiety that is able to react with oxidants may represent an ew concept for the design of stable organic radicals. The absorption wavelengths of 1-4 showed ab athochromic shift upon the addition of 1equiva-lent of MB, and the absorption bands of 1 + MB to 4 + MB were observedi nt he near-infrared region.T he absorption spectra of chemically oxidized 1 showedc hanges similar to those observedi nt he spectra of electrochemically oxidized 1. Therefore, chemicala nd electrochemical oxidation methods can be chosen for the generation of similar chemical species. Further studies on thea pplicationso f5 -N-arylaminothiazoles as stable dyes with aw ide absorption and emission range are currently in progress in our laboratory. 
Experimental Section General Remarks
High-resolution mass spectra were recorded with ad ouble-focusing mass spectrometer in the EI mode. EPR spectra and their simulations were obtained with aJ ES-TE200. UV/Vis absorption spectra were measured with aH itachi U-4100 spectrometer.E lectrochemical measurements were performed by using ap latinum working electrode, ap latinum gauze working electrode, ap latinum wire counter electrode, and aA g/Ag + [0.01 m AgCl] reference electrode in CH 2 Cl 2 with 0.1 m [nBu 4 N][ClO 4 ]. Measurements were recorded with aB AS CS-3A Cell Stand and SEC2000 Spectra System. Prior to use, CH 2 Cl 2 was distilled from P 2 O 5 .A ll other chemicals were used as received without further purification. Photophysical properties were measured under atmospheric conditions at 23 8C. EPR measurements were performed under an atmosphere of argon at 23 8C. Thiazoles 1-4 were prepared according to literature procedures. [11a] General Procedure for the Preparation of the Radical Cations AC H 2 Cl 2 solution of the corresponding thiazole (1 10 À3 m,0 .1 mL) was diluted in CH 2 Cl 2 (0.8 mL), and the mixture was stirred for 1min. AC H 2 Cl 2 solution of Magic Blue (1 10 À3 m,0 .1 mL) was then added, which afforded aC H 2 Cl 2 solution of the radical cation (1 10 À4 m,1mL). Then, an aliquot (0.3 mL) of this solution was transferred to an EPR sample tube (diameter = 1mm), and the measurements were conducted. To measure the photophysical properties, 3mLo ft he same solution was prepared.
